The theory of dislocation motion in materials with high Peierls stress relates dislocation mobility to the underlying kink mechanisms. While one has been able to describe certain qualitative features of dislocation behavior, important details of the atomic core mechanisms are lacking. We present a hybrid micro-meso approach to modeling the mobility of a single dislocation in Si in which the energetics of defect cores and kink mechanisms are treated by atomistic simulation, while dislocation motion under applied stress and at finite temperature is described through kinetic Monte Carlo. Three important aspects pertaining to treating the details of local structure and dynamics of kinks are incorporated in our approach: (1) Realistic complexity of (multiple) kink mechanisms in the dislocation core. (2) Full Peach-Koehler formalism for treatment of curved dislocation. (3) Detailed investigation of interaction between partials. This simulation methodology is used to calculate micron-scale dislocation mobility, with no adjustable parameters; specifically we obtain temperature and stress dependent velocity results that can be compared with experimental measurements.
INTRODUCTION
Experimental data on dislocation mobility in semiconductors, notably in Si, is often fit to a (1) where m is a stress sensitivity exponent, Q is an activation energy, and k B is the Boltzmann's constant. The kink diffusion model [1] considers dislocation motion as a net result of thermally activated nucleation, migration and recombination of kinks, under the action of applied stress. This simple model connects Q and m in equation 1 to the energetics and mobility of dislocation kinks Q = E form + E mig ; (2) 
where E form is the single kink formation energy and E mig is the kink migration barrier. For Si, parameters E form and E mig were first obtained by atomistic calculations based on the empirical inter-atomic potentials [2] . These values were then plugged in equations 1 and 3 to predict the temperature dependence of dislocation velocity, ostensibly in agreement with experiment. More recently, in order to remove the remaining discrepancies between theory and experiment, parameters E form and E mig were re-calculated using more accurate atomistic approaches, including Tight Binding [3] and the density functional theory calculations [4] . However, despite impressive recent developments in this area, some experiments and atomistic simulations suggest that the kink diffusion model, while capturing some essential physics, is not an adequate starting point for a first principles theory of dislocation motion by kink mechanisms. In particular, the model does not account for the existence of multiple kink species in the dislocation core [5, 6] and for the extended nature of dislocations in semiconductors [7] . We propose a two-scale computational approach which combines atomistic simulations of dislocation kink mechanisms with mesoscopic (continuum) modeling of large scale dislocation behavior in Si. First, atomistic calculations based on inter-atomic potentials are used to obtain formation and migration energies of various kinks and core defects involved in dislocation motion. Then, these energetics are used to parameterize the rates of kink formation and migration events -key parameters for the meso-scale Kinetic Monte Carlo (KMC) simulations. The resulting atomistic-mesoscopic model is used to model dislocation motion on the micron scale, in agreement with existing experimental data, providing a computationally efficient framework for parameter-free theory of dislocation motion in Si.
TWO-SCALE MODEL

Atomistic Scale
Similar to FCC materials, dislocation in Si have 1=2h110i Burgers vectors and glide on f111g
planes. Owing to a very high Peierls potential, dislocations tend to stretch along the primary Peierls valleys, i.e. h110i directions. Full dislocations of screw and 60 (mixed) characters are known to split into two Shockley partials glued together by a ribbon of stacking fault (SF), 30 to 70Å wide. The partials are of either 30 or 90 character with respect to the preferred h110i directions.
Since full dislocations can move only through the the nucleation of double kinks, followed by kink migration and recombination on each partial, the focus has been on kink mechanisms in the two partial dislocations.
Earlier atomistic simulations [5, 8] showed that multiple species of kinks exist in both 30 and 90 partials. Recently, we proposed a general approach to classification of kinks and other dislocation core defects into topological classes, according to the symmetry and symmetry breaking in the dislocation core [9] . Using this simple a priory analysis as a guide, we obtained a complete list of all possible kinks in both partials. Then, we employed a newly developed inter-atomic potentials for Si [10] to examine the atomic pathways and energetics of nucleation and migration for all relevant kink species. The results are listed in Table 1 . 
Mesoscopic Scale
The data presented in the table is sufficient to develop a mesoscale model of dislocation motion in Si incorporating the atomistic details of kink mechanisms [11] . In the model, relevant degrees of freedom are no longer the atomic positions in and around the core, but rather the identities and positions of the core defects. Coupling to the atomistic energetics is established through the activation parameters of kink mechanisms taken directly from Table 1 and plugged in the rate equations of the standard Transition State Theory [12] ,
where w 0 is the frequency factor, E includes 2E form for the rate of double kink nucleation and is equal to E mig for the rate of kink migration. At finite temperature and stress, the activation parameter E in equation 3 should be replaced by a stress dependent free energy F( ), or free enthalpy, taking into account both the activation entropy contribution and the coupling to applied stress. The latter coupling is introduced here in the form of work produced by external stress on displacing the atoms from their initial positions to the barrier configuration, for each kink mechanism considered, F( ) = F(0) ? A b : (4) Here F(0) is the stress free activation barrier, b is the Burgers vector of the partial, A is the area swept by the partial in transforming from its original state to the saddle point for a given kink mechanism, and A b is the amount of work done by the external stress. Concerning the entropy terms, Marklund argued that these can be very significant for the kink mechanisms in Si [13] . However, since no reliable data on kink activation entropies is available, we disregard these potentially large contributions to the activation rates. At present, work is underway in our group to evaluate the missing entropy terms using exact methods of adiabatic switching [14] and thermodynamic integration [15] .
Another important aspect of dislocation motion in Si, ignored in the earlier version of the mesoscopic model [11] , is the interaction between moving partials. Möller recognized that this interaction can be a source of unusual mobility behavior observed in Si and Ge at low stress [7] . In particular, two regimes of double-kink nucleation are possible; one, in which nucleation takes place on each partial independently (uncorrelated regime) and another, in which two double-kinks form on two partials simultaneously (strongly correlated regime). The latter behavior is typical for low stress conditions, but the correlations become progressively weaker with increasing stress. Möller's theory contained several adjustable parameters that were fitted to a limited experimental data on dislocation mobility and then used to calculate the overall shape of the velocity-vs-temperature and velocity-vs-stress functions. The predicted kinetics showed several realistic features, including existence of an apparent starting stress and a super-linear dependence of dislocation velocity on stress.
Following Möller's ideas we developed our mesoscopic model for the case in which two interacting partial dislocations move together under stress. In the present model, both the stacking fault forces and the elastic terms of the partial-partial interactions are fully accounted for. In particular, the stress acting on the various segments of a moving dislocation is evaluated using the full Peach-Koehler formalism [1] . The simulation proceeds as follows. First, the rates fw i ; i = 1 ng of all possible kink events (nucleation, motion, recombination) are calculated using equations 3,4. In doing so, the stress distribution along the line is evaluated for a given dislocation configuration. Second, a single event is randomly chosen from the current list with a probability proportional to this event's share in the total transition rate, according to the usual Kinetic Monte Carlo (KMC) procedure [16] . Then, the stress field along the dislocation line is updated and the whole cycle is repeated to simulate a stochastic sequence of kink nucleation, migration and recombination events. To imitate an infinitely long dislocation line, periodic boundary conditions are applied where the kink leaves and reenters the simulation length. So far, in order to make numerical implementation easier, we have introduced only a single kink species in the model. Formation and migration energies of this generic kink are chosen as averages over the whole kink family listed in Table 1 . Extension to a more realistic case of the multiple kink mechanisms is rather straightforward.
Initial trial runs showed that generation of double-kinks can be very ineffective, especially in the case of low stress. This is because kinks need to migrate for a sufficiently long distance and recombine with kinks from the other nucleation sites to contribute to the overall dislocation motion. However, since the kinks from a newly formed pair are typically very close to each other, the probability of their mutual recombination immediately after nucleation is exceedingly high. Consequently, lots of the KMC steps are wasted in sampling the nucleation of such "nonsustainable" kink pairs. To eliminate this waste of effort, we developed a special procedure to calculate the rate of production of sustainable kink pairs, under the assumption that the local stress remains unchanged during the whole process of pair unraveling. Now, each sustainable kink pair is generated in the KMC simulation in one "giant" step. Figure 1 shows the output of a typical KMC simulation in which a screw dislocation is moving at a constant temperature (900K) in response to a constant stress (10MPa). The two solid lines indicate the positions of the two partials as functions of time. After a short transient, the dislocation reaches a steady state of motion in which the separation between the partials remains close to the equilibrium value of 30Å. By fitting the displacement curve to a straight line, we obtain the steady dislocation velocity, at v = 4 10 ?8 cm/s in this case. To reduce the statistical errors, we ran several KMC simulations under the same conditions. : experiments by Imai and Sumino : experiments by George at slightly : KMC results using EDIP : KMC results using TB Two series of KMC simulations were performed to examine the temperature dependence of dislocation velocity. In Figure 2 the simulations are compared with experiment: the filled circles are the experimental measurements reported by Imai and Sumino [17] and the squares are the experimental data points from George [18] . The two sets of simulation results were obtained [3] .
RESULTS
Dislocation Motion
The slope of each data set is the activation energy for dislocation mobility. These slopes are identical for both sets of experimental data, at Q = 2:20 eV, and are reasonably close to the predicted values, at Q = 1:67 (EDIP) and Q = 2:31 (TB). At the same time, the absolute values of the predicted velocities differ more significantly from the experiments. This discrepancy can be, at least in part, attributed to the missing entropy terms in the rates of kink nucleation and migration. We estimate that, in order to make quantitative comparison meaningful, we need to know the activation parameters of kink mechanisms to within 0.1 eV. Such an accuracy is within reach of the parameter-free first principle approaches, but only for the ground state, zero t emperature energetics.
On the other hand, finite temperature calculations required to examine the entropy contributions to dislocation mobility from first principles remain prohibitive at present. Figure 3 shows the stress dependence of dislocation velocity. The same two sets of experimental data are plotted as in Figure 2 . In this case, however, the experimental data points contradict each other at low stress, below 8 MPa. The filled circles from Imai and Sumino follow a simple linear dependence, while the squares from George indicate a low stress anomaly, often referred to as a starting stress behavior.
Small dots connected by the solid lines are the KMC results obtained using slightly different sets of input parameters. In fact, the only difference between the three simulated curves was in the value of the stacking fault energy (SFE) which determines the equilibrium separation between two partials at rest, X 0 . The simulations show that a small change in X 0 can have a dramatic effect on dislocation mobility at low stress, changing from a very prominent starting stress behavior at X 0 = 10:0 to a complete lack of thereof at X 0 = 10:5. X 0 is determined by the balance between the linear elastic repulsion between the two partials, their attraction due to the stacking fault, and the interaction with external stress, if any. In particular, in the case of a screw dislocation dissociated in two 30 partials, the formula for X 0 is
where SF is the stacking fault energy, is the shear modulus, is the Poisson's ratio and e is the so-called Escaig stress, which is the edge component of the stress resolved in the glide plane that pushes the partials together. Figure 3 shows that both behaviors observed experimentally are reproduced in our KMC simulations. When X 0 is expressed in the units of lattice spacing in the direction of dislocation motion, a strong low stress anomaly is observed if X 0 is an integer. On the other hand, if X 0 is a half integer, the stress dependence remains linear even in the low stress range. Shown for comparison (dashed line) is another simulation in which the interaction between two partials is artificially removed. We conclude that the starting stress behavior is a result of coupling between two moving partials and that, if X 0 happens to be half integer, this coupling is effectively suppressed.
CONCLUSIONS
The simulation procedure presented in this work is an adaptation of the Dislocation Dynamics approach pioneered by Kubin and Canova [19] for modeling collective behavior of large dislocation ensembles. Here the same approach is used to simulate large scale behavior of a single (dissociated) dislocation. The model uses atomistic activation parameters as its principal input and, as such, contains no adjustable parameters. Our hybrid micro-meso simulation approach matches very accurately the dislocation behavior in the mesoscopic KMC model to the atomistic kink mechanisms in the dislocation core. Predictive capabilities of the proposed two-level approach are limited mostly by the quality of its atomistic input. The latter is expected to improve significantly owing to the rapid development of the parameter-free methods of condensed matter theory. At present the model, with its current set of atomistic parameters, is being used to simulate dislocation motion in a wide range of temperature and stress conditions. Preliminary results discussed in this work suggest that the approach has a considerable potential for further development.
